Abstract: New designs of artificial magnetic conductors (AMC), including hard and soft surfaces and dual-polarised high-impedance surfaces are realised by printed dipole/slot frequency-selective surfaces (FSS) implemented on a grounded dielectric slab. Multiband designs of hard and soft surfaces are proposed based on the use of FSS structures with different resonance lengths and orientation of dipoles/slots. In addition, dual-polarised high-impedance surfaces are realised by FSS structures with elements of different shapes (cross, loop), which create high impedance for both TE and TM polarisations. Commercial software EMPiCASSO is used for the fullwave analysis of presented FSS configurations. A printed slot FSS is proposed for design of a low-profile monopole antenna. The simulation and experimental results of return loss and radiation patterns are presented, demonstrating the effect of a high-impedance surface on scattering and radiation characteristics of a low-profile antenna.
Introduction
Artificial hard and soft surfaces, recently introduced in electromagnetics [1] , are characterised by surface anisotropic impedance with respect to the propagation of surface waves [2] . Different approaches have been used for the realisation of hard and soft surfaces. Traditionally, they are realised by dielectric-filled corrugations initially proposed in the design of corrugated horn antennas [3, 4] . Another common method is to introduce perfect electric conductor ( PEC) strips on a dielectric slab of certain thickness [5] [6] [7] [8] [9] . The main characteristics of such strip-loaded surfaces can be modelled by using an ideal model, which represents alternating PEC and PMC strips with vanishing widths [2] , [10] [11] [12] . These anisotropic surfaces are polarisationdependent, such that the hard surface behaves like a PMC for TE-polarised waves and as a PEC for TM-polarised waves propagating along the strips (corrugations). Alternatively, the soft surface behaves like a PEC for TE-polarised waves and as a PMC for TM-polarised waves propagating in the direction transverse to strips (corrugations) [2] .
New designs of artificial hard and soft surfaces composed of printed dipole/slot FSS structures on a grounded dielectric slab have been recently presented in [13, 14] (Fig. 1 ). These FSS structures represent AMC surfaces with anisotropic impedance characteristics controlled by the resonance properties of periodic dipole/slot cells in the presence of a grounded dielectric slab. Multiband designs of such AMC surfaces have also been presented in [15, 16] where multiple dipoles of different lengths are used to obtain multiple resonances. They are implemented on electrically-thin substrates (compared to the electricallythick substrates used in the strip-loaded hard and soft surfaces discussed above), which make them attractive for low-profile antenna applications.
These printed dipole/slot FSS structures act as hard and soft surfaces in a certain frequency band. For a plane wave incident in the direction perpendicular to dipoles, this structure performs as a hard surface exhibiting PMC behaviour for TE polarisation, while for TM-polarised plane waves there is no interaction with the dipoles exhibiting nearly PEC behaviour (very low surface impedance). When the plane wave is incident in the direction of dipoles, the structure exhibits high impedance for TM polarisation and low impedance for TE polarisation, thus acting as a soft surface. On the other hand, slot FSS produces the opposite behaviour with respect to TE and TM polarisations. However, it should be noted that the length of slots in the proposed FSS is greater with respect to the length of dipoles in order to resonate at the same frequency. Here we are dealing with two different periodic structures, one with electric current on a dielectric interface backed by a PEC ground plane, and the other with slots backed by a PEC ground plane, and these two structures are not dual to each other since dual to a slot on a PEC would be an electric current (dipole) on a perfect magnetic conductor (PMC). A FSS with a given length of dipole or slot will have different resonant frequencies because the effective dielectric constant for both the structures is different. For the slot case, the effective dielectric constant is equal to the relative dielectric constant, but in the dipole case the effective dielectric constant is less than the relative dielectric constant.
The results reported in [13] for printed dipole/slot FSS (Figs. 3 and 5 in [13] ) have been verified using commercial software EMPiCASSO [17] , showing an excellent agreement for the case of hard and soft slots (Fig. 5 in [13] ). In the case of hard and soft dipoles (Fig. 3 in [13] ), a shift in the resonance frequency is observed (EMPiCASSO results are in the range of frequencies 8.12-8.16 GHz against 7.78-7.82 GHz presented in [13] ). The plotted results for these cases are omitted here for brevity.
Based on the idea presented in [13] and discussed above, here we propose new designs of multiband hard and soft surfaces and dual-polarised FSS in order to create a high impedance surface. Multiband hard and soft surfaces are realised by FSS structures with different resonance lengths and orientation of dipoles/slots. FSS structures with elements of various shapes (cross, loop) are used to create dual-polarised high-impedance surfaces for both TE and TM polarisations. Commercial software EMPiCASSO [17] is used for the fullwave analysis of the proposed FSS configurations. A printed slot FSS is proposed for the design of a low-profile monopole antenna, which is simulated by using the Ansoft high-frequency structure simulator (HFSS) commercial program [18] . The simulation and experimental results of return loss and radiation pattern are presented, demonstrating the effect of a high impedance surface on scattering and radiation characteristics of a lowprofile antenna.
Multiband printed dipole FSS structures

Dual-band design
The importance of dual-band FSS designs was established during NASA's Cassini project, where dual subreflectors were used as feeds for the main reflector operating at two desired bands [19] . Also, in [15] and [16] it was proposed to use more than one element in a single unit cell of FSS in order to create multiband AMC surfaces. This idea is applied here in the design of dual-band hard and soft surfaces using printed dipole FSS implemented on a grounded dielectric slab (Fig. 2a) , wherein two dipoles of different resonance lengths are considered in a unit cell (Fig. 2b) , instead of a single dipole unit cell used in the initial design (Fig. 1) . The dispersion behaviour of the phase of the reflection coefficient is shown in Fig. 3 for a TMpolarised plane wave with normal incidence. Two resonances around 8 GHz and 14 GHz corresponding to different lengths of two dipoles are associated with the high-impedance surface boundary condition (PMC surface with no phase reversal). With the plane of incidence in the direction of dipoles (as shown in Fig. 2a ), the TE polarisation does not interact with the structure, thus showing the behaviour of the phase of the reflection coefficient for the grounded dielectric slab; the TE polarisation in this case does not 'see' the dipoles and the phase behaviour is close to that for the PEC (ground plane with a thin dielectric slab). The TM polarisation, however, strongly interacts with the structure and exhibits the highimpedance surface behaviour. It should be noted that the resonance frequencies of the dual-band FSS are mainly determined by the length of dipoles, which indicates that the coupling among the dipoles, which is included in the fullwave simulation, does not have a significant effect on the resonance frequencies, contrary to the slot case.
The results for the phase of the reflection coefficient against the angle of incidence y (defined in Fig. 2a ) are demonstrated in Figs. 4a and 4b. As is seen in Fig. 4a , the phase of the reflection coefficient of the longer dipole behaves similarly to that of the initial design [13] , while the phase of the shorter dipole varies insignificantly producing high impedance for a wide range of the incident angle (Fig. 4b) . The resonance properties of the proposed dual-band FSS structure are primarily due to resonance properties of two dipoles, exhibiting two distinct resonances corresponding to resonance lengths of the dipoles. In this Two resonances associated with the high-impedance surface appear around 8 GHz and 14 GHz 488 case when the plane of incidence is along the dipoles (as shown in Fig. 3 ) the structure acts as a high impedance surface for TM polarisation and as a low impedance surface for TE polarisation. It should be noted that there is no 'perfect' soft (hard) surface realised by printed dipole FSS on a grounded dielectric slab according to the traditional definition of soft (hard) surfaces in terms of PEC and PMC boundary conditions.
Triple-band design
The triple-band FSS structure is composed of periodic cells of three dipoles with different lengths corresponding to three resonance frequencies (Fig. 5 ). In the case when the plane of incidence is perpendicular to dipoles (as shown in Fig. 5a ), the role of TE and TM polarisations is interchanged in comparison with the previous case of dual-band design. In this case, the TE polarisation exhibits a highimpedance behaviour and the TM polarisation exhibits a low-impedance behaviour. The dispersion behaviour of the phase of the reflection coefficient for a TE-polarised plane wave with normal incidence is shown in Fig. 6 , where three distinct resonances appear around 8 GHz, 10.7 GHz and 14 GHz corresponding to the high-impedance boundary condition with no phase reversal (zero degrees in the phase of the reflection coefficient). It was expected that the resonances of all these dipoles could be brought closer to each other by having dipoles of corresponding resonant lengths to exhibit a broad-band design, similar to the technique used in the design of Yagi Uda antennas. However, it was noticed that the triple-band structure behaved as three independent frequency-selective surfaces, maintaining three distinct resonances.
The results for the phase of the reflection coefficient against the angle of incidence y are demonstrated in Figs. 7a and 7b. In this case, the TM polarisation does not interact with the structure, thus showing the behaviour of the phase of the reflection coefficient for the grounded dielectric slab. The TE polarisation, however, strongly interacts with the structure and exhibits the high-impedance surface behaviour. It should be noted that the proposed multiband designs of printed dipole FSS structures can be realised by printed slot FSS on a grounded dielectric slab, with opposite behaviour with respect to TE and TM polarisations (the results are omitted) here due to space limitations). 
Cross-shaped slot FSS
In the method discussed above, replacing the narrow dipole/ slot by a cross-shaped dipole/slot provides polarisation independence with respect to the TE and TM incidence. The design presented in Fig. 8 is that of a cross-shaped slot. The dispersion behaviour of the phase of the reflection coefficient for a TE-polarised plane wave with the normal incidence is shown in Fig. 9 . It can be seen that the structure experiences a PMC behaviour at 9.29 GHz with a highimpedance boundary condition with 3.7% bandwidth when the phase of the reflection coefficient varies between À 901 and +901. With the direction of propagation as shown in Fig. 8 , the TE polarisation excites the vertical slot and the TM polarisation excites the horizontal slot. Hence, this structure exhibits high-impedance irrespective of TE or TM polarisation as shown in Fig. 10 . The proposed crossshaped FSS behaves as a dual-polarised PMC surface for normal incidence and as a dual-polarised high-impedancesurface for oblique incidence.
Rectangular-loop slot FSS
The above discussed configurations of multiband printed dipole FSS and dual-polarised cross-shaped slot FSS act as high-impedance surfaces in a narrow frequency band (see coefficient around the resonance frequencies). Here, we propose to use rectangular loops in order to create a wideband high-impedance slot FSS structure with dual polarisation. The geometry of the structure with its unit cell is shown in Fig. 11 . The dispersion behaviour of the phase of the reflection coefficient for a TE-polarised plane wave with the normal incidence is shown in Fig. 12 . It can be seen that the structure experiences a PMC behaviour at 10 GHz with a high-impedance boundary condition of 12.5% bandwidth when the phase of the reflection coefficient varies between À 901 and +901 (compare with 3.7% bandwidth of cross-shaped slot FSS considered in the previous section). The results for TE and TM polarisations against the angle of incidence are shown in Fig. 13 , where both polarisations result in a PMC boundary condition for a wide range of the incident angle. Fig. 14) . The dispersion behaviour of the phase of the reflection coefficient for a TE-polarised plane wave with normal incidence is shown in Fig. 15 . It can be seen that the structure experiences a PMC behaviour at 10 GHz with a high-impedance boundary condition of 7.8% bandwidth when the phase of the reflection coefficient varies between À 901 and +901. It behaves similar to the rectangular-loop FSS with a slightly narrower bandwidth. The results for TE and TM polarisations against the angle of incidence are shown in Fig. 16 , where both polarisations result in a PMC boundary condition for a wide range of the incident angle. Recently, high-impedance surfaces (in particular, electromagnetic band-gap (EBG) mushroom-like structures) have been used in low-profile antenna designs in order to suppress surface waves and enhance the antenna radiation [20] [21] [22] . Here, we propose to use the above discussed printed FSS as a high-impedance surface to improve the performance of low-profile antennas. A slot FSS, printed on a grounded dielectric slab (RO4003C, Roger's Corporation) of thickness 0.813 mm with permittivity 3.38, was designed at the frequency of 10 GHz. A quarter-wavelength horizontal monopole was used as a radiator placed in close proximity (1.2 mm) to the slot FSS acting as an artificial magnetic conductor (AMC) at the resonance frequency. The slot FSS consists of an array of 5 Â 10 cells of printed slots of dimensions 16 Â 0.5mm with the cell size 16.4 Â 8.19 mm. This structure (horizontally-bended monopole above the slot FSS) was simulated using Ansoft HFSS [18] and a prototype was fabricated. A photograph of the fabricated FSS with the mounted monopole is shown in Fig. 17 . The simulation and experimental results of return loss of the monopole in the presence of AMC compared to those over PEC are shown in Fig. 18 . It is clear that the monopole (of length 9 mm) is matched in the case of AMC at approximately 10.0 GHz (around the resonance frequency of the slot FSS) and is mismatched in the case of PEC resulting in poor radiation characteristics of the monopole antenna.
Circular-loop slot FSS
The simulated and measured radiation patterns of the monopole mounted on the above designed structure were compared with the radiation patterns of the same antenna over PEC. The idea was to compare the results to see the effect of the presence of AMC on the performance of such a low-profile antenna. The simulated and measured E-plane radiation patterns are plotted in Figs. 19 and 20 , respectively. When the antenna is mounted on a PEC, its front-side radiation pattern is almost uniform as it radiates the power equally in all directions. Comparing this pattern with the pattern of the same antenna over the AMC shows that the AMC pattern has a power level of 6-10 dB higher than the PEC pattern. This shows that the AMC surface enhances the gain of the horizontal monopole as compared to its inefficient radiation in the presence of the PEC (due to reversed image currents).
Conclusions
In this paper, different designs of AMC structures, including hard and soft surfaces and dual-polarised highimpedance surfaces are realised by printed dipole/slot FSS on a grounded dielectric slab. Dual-band and triple-band printed dipole FSS structures are studied, and cross-shaped, rectangular-and circular-loop printed slot FSS are analysed to create a dual-polarised high-impedance surface for both TE and TM polarisations. It is shown that rectangular (circular) loops used in printed slot FSS result in dualpolarised wideband high-impedance surfaces. The printed slot FSS as a high-impedance ground plane is proposed in the design of a low-profile monopole antenna. The FSS structure with the monopole (mounted in a close proximity) was designed, fabricated and measured, showing the enhancement of radiation for the low-profile antenna. 
